A facile method of developing carbon-copper (C-Cu) nanocomposites by coating nanocrystalline Cu on heat-treated polyaromatic hydrocarbons (HTPAHs) has been reported. These synthesized nanocomposites have been extensively characterized by X-ray diffraction, Fourier transform infrared spectroscopy (FTIR), a scanning electron microscope (SEM), and transmission electron microscopy (TEM). The synthesized HTPAHs-based C-Cu nanocomposites exhibit improved mechanical and electrical properties, which could be tailored by varying the Cu nanoparticle loading. The highest electromagnetic interference shielding effectiveness (EMI SE) due to absorption and reflection at 12.4 GHz is 46.1 dB and 12.5 dB, respectively, for a 2 mm thick sample resulting in a total shielding effectiveness of 58.7 dB. This observed shielding effectiveness in these C-Cu nanocomposites is far above the threshold shielding effectiveness required for techno-commercial applications, especially in the Ku band of RF.
Introduction
Electromagnetic interference (EMI) is receiving a lot of scientic attention all over the world, 1 due to the increasing proliferation of electronic devices in many sectors, including, satellite communication, radar surveillance systems, digital devices, wireless technology, 2-4 etc. Besides this, EMI in daily life is also harmful under certain environments. 5 Research efforts are being spearheaded in the military aviation and aerospace sectors, where the effective shielding of sensitive electronic equipment is critical. However, there are several additional requirements for EMI shielding materials over just shielding effectiveness, which are light weight, exible, and produced on large scale, especially when targeting aviation and aerospace applications. Early initiatives to handle this novel kind of pollution have triggered a quest for efficient countermeasures to ensure the unperturbed performance of electronic equipment even in the presence of external EM noise. 6, 7 The increasing use of light-weight carbon-based composites as EMI shielding materials has emerged over the last decade as they possess an excellent combination of mechanical and electrical properties, and exibility, coupled with s high aspect ratio.
8,9
Various forms of highly conducting carbon, namely carbon nanotubes, 10 graphene, 11 carbon foam 12,13 etc., have been so far employed to achieve high EMI shielding. It has been observed that the EMI SE, permittivity, and electrical conductivity of the nanocomposites developed using different carbon llers in polymeric materials decreased as per the order: multi-walled carbon nanotubes (MWCNTs) > carbon nanobres > structure carbon black.
14 Moreover, it has also been reported that a dispersion of metal nanoparticles, like silver, gold, copper, nickel, etc., form a strong conductive interconnect network in the carbon matrix, which enhances the electrical conductivity and the EMI shielding of the resulting composite. 1, 15, 16 For instance, the EMI SE of polyaniline (PANI) composite lled with silver decorated (5.0 wt% loading) graphene was reported to be 29.33 dB, which was attributed to an enhancement in electrical conductivity due to the metal nanoparticle decoration and due to the high permittivity of the composites, and it was also observed that absorption was the governing factor for the improved EMI shielding. 17 However, very few attempts have been made to introduce metallic nanoparticles in different carbon forms to the preparation of such composites.
18-21 Shinnshuong et al. reported 22 an EMI shielding $30 dB in copper/ nickel-coated ber reinforced composites, developed by the electroless technique. These composites, when prepared by a conventional powder metallurgy technique, pose a big challenge for interfacial bonding, due to the lattice mismatch and poor wetting ability between the metal and different forms of carbon materials, resulting in inferior mechanical and electrical 23 properties. Although, in some cases the lack of wettability between the metal (for example, Cu) and graphitic form of carbon has been found to be improved by suitably coating the metal using the electroless technique before consolidation. 24, 25 In some reported studies, heat-treated polyaromatic hydrocarbons 26 (HTPAHs) have been used as a precursor material for the synthesis of synthetic graphite, 27 as compared to natural graphite, leading to a high density and strength in the resulting composite. The HTPAHs-derived carbon and its resulting nanocomposite with Cu constitute a discrete category of advanced materials that can offer unique advantages, as they combine properties of both the constituent components, i.e. excellent electrical and thermal conductivities of the Cu, coupled with the low thermal expansion coefficient, and lubricating and corrosion-resistance properties of HTPAHs. 28 In our previous work, 29 we fabricated high strength carbon-copper (C-Cu) composites from a mixture of coal tar pitch-based 26 selfsintering material (called green coke) and electrolyte grade Cu powder. It was observed that the HTPAHs-based C-Cu composite exhibited comparatively good mechanical and electrical properties, as compared to graphite-Cu composites.
In the present investigation, we demonstrate the synthesis of nanocrystalline Cu-coated C-Cu nanocomposite, by the electroless technique, as a potential EMI shielding material. This synthesis technique is fast and reproducible. Here, the nanosized Cu coating on HTPAHs carbonaceous material takes place in situ, via a chemical reduction. The highly conductive interconnect network of Cu nanoparticles decreases the electrical resistivity of the C-Cu nanocomposites, as low as $0.14 mU cm, which enhances the electrical conductivity of the hybrid nanocomposite. The maximum value of the EMI shielding effectiveness (SE) achieved for the C-Cu nano-composite is 58.7 dB at 12.4 GHz, which is greater than the SE required for commercial applications ($30 dB). In addition, the Cu nanoparticles-coated HTPAHs-based C-Cu nanocomposites possess enhanced electrical conductivity and mechanical strength, thus making them suitable materials for next-generation EMI shielding applications on a large scale, especially in the Ku band of RF.
Experimental

Material synthesis technique
PAHs, in the form of coal tar pitch, with a soening point of 80-100 C, a quinoline insoluble content <0.2% and a coking value $44-48%, was heat treated (HT) to 500 C for 3 h in N 2 atmosphere, and then ball-milled for 5 h at 250 rpm, to obtain the carbonaceous precursor powder with an average particle size in the range 5-20 mm. (potassium sodium tartrate -38 g) for the coating of Cu nanoparticles. In order to get a uniform coating, the pH and operating temperature of the bath solution were maintained within the limit of 9-12 and 60-80 C, respectively, using sodium hydroxide solution. At an optimized temperature and pH, hydrazine hydrate (20 mL) was added as a reducing agent. In order to fabricate C-Cu nanocomposites with a Cu : C weight ratio of 0.50 and 1.28, a calculated amount of the sensitized and activated HTPAHs powder was then added to the bath solution and stirred rigorously for 30 min. Last, the Cu-coated HTPAHs powder was ltered and washed with distilled water, followed by drying. An inert atmosphere of nitrogen was maintained in the bath solution throughout the experiment to avoid the oxidation of Cu. The HTPAHs (as such, batch A) and Cu-nanoparticles-coated HTPAHs powders (Cu : C weight ratio of 0.50 and 1.28, denoted by batches B and C, respectively) were moulded into the rectangular plates, of dimensions 40 Â 15 Â 5 mm 3 , using an hydraulic press at a pressure of 300 MPa. The moulds were then heat treated at 1000 C for 2 h in an argon (Ar) atmosphere to obtain the nal product. Fig. 1 shows a schematic of the coating mechanism of the Cu nanoparticles on HTPAHs via the electroless technique.
Material characterisation techniques
The bending strength of the synthesized samples was measured by a Universal Testing Machine (Instron, model 4411), and the electrical resistivity was determined using a laboratory developed four-probe apparatus. 29 Phase identication and crystallite size measurements were carried out using X-ray powder diffraction (XRD) (Rigaku, MiniFlexII), and Fourier Transform Infra-Red Spectroscopy (FTIR) was conducted using Thermoscientic, Nicolet-5700. Scanning Electron Microscopy (SEM) (SEM, ZEISS-EVO MA10) and a transmission electron microscope (TEM) (FEI, Tecnai T30) were used to study the morphology and the microstructural characteristics. The EMI-SE was evaluated using a Vector Network analyzer (model-E8362B) on rectangular samples of dimensions 16 Â 8 Â 2.0 mm 3 . Table 1 summarizes the physical and mechanical properties of HTPAHs (batch A) and HTPAHs-based C-Cu nanocomposites with a Cu : C ratio of 0.5 (batch B) and 1.28 (batch C). As expected, the green bulk density of batch A is low $1.28 g cm À3 ,
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compared to C-Cu nanocomposites of batches B and C, which is due to the high density of metallic Cu (8.9 g cm À3 ), resulting in a maximum bulk density of 2.65 g cm À3 for batch C. Aer heat treatment to 1000 C, the sintered bulk density of HTPAHs increases to 1.65 g cm À3 , which is due to the self-sintering properties of the HTPAHs, resulting in a high volume shrinkage (29.7%) with a relatively low weight loss (9.39%). The increase in sintered bulk density of batches B and C may also be attributed to the self-sintering properties of HTPAHs. The C-Cu nanocomposites (batches B and C) exhibited an increased exural strength, compared to HTPAHs (83 MPa, batch A) aer heat treatment to 1000 C. The highest value of 156 MPa is observed for batch B samples with a Cu : C ratio of 0.50 (see Table 1 ), and this enhancement is attributed to the self-sintering ability of PAHs, which results in solidication on heat treatment, and also due to the uniform dispersion of Cu nanoparticles in the carbon matrix, carried out via electroless coating technique, which helps in making a strong interconnecting network of Cu nanoparticles.
30,31
However, a further increase in the Cu content (Cu : C ratio of 1.28 (batch C)) shows an adverse effect on the exural strength, as the quantity of HTPAHs-derived binder is insufficient, which is evident from the decrease in values of weight loss (3.18%) and volume shrinkage (24.0%). A similar trend was also observed for the shore hardness with increasing the Cu : C ratio in these nanocomposites, due to the lower hardness of Cu as compared to carbon material. 32 The electrical resistivity was calculated by eqn (1) . The results clearly reveal that HTPAHs are highly resistive ($4.62 mU cm), compared to C-Cu nanocomposites (batches B and C), i.e. with 0.42 and 0.14 mU cm, respectively, due to the highly conductive interconnecting network of Cu nanoparticles, which enhances the electrical conductivity of the hybrid nanocomposite.
where, r ¼ resistivity of the test-specimen (Ohm cm), V ¼ potential drop across the probe pins (volt), A ¼ area of crosssection of test-specimen (cm 2 ), I ¼ magnitude of DC current (ampere), and L ¼ distance between the probe pins (cm).
XRD analysis
The X-ray diffraction patterns of the C-Cu nanocomposite (batch B), both aer and before sintering, are shown in Fig. 2(a) and (b), respectively. A pronounced characteristic peak for carbon at 2q ¼ 26.67 was observed on heat treatment to 1000 C ( Fig. 2(a) ), as the crystallinity of HTPAHs-derived carbon increases upon annealing in an inert atmosphere. The same peak appears as a small hump at 2q ¼ 23-28 (see Fig. 2(b) (222) planes, 33 respectively, in both patterns apart from the characteristic peak of carbon. The average nanocrystalline Cu size, as determined by its prominent XRD peak by the Hall-Williamson method, was observed at $30 nm. In addition to the above, no other peaks representing undesired phase formation, especially CuO, were observed. with a conjugation ring, respectively. 34 However, on heat treatment to 500 C, the peak position at 744 cm À1 disappears, which conrms the removal of mono-substituted groups from the PAHs. The ortho-substitution of the aromatic ring band at about 744 cm À1 is due to absorption, which is much stronger than other types of substitution characteristic wavelengths. To be more precise, aromatic C-H stretching bond is easily removed from the aromatic ring on heat treatment of the PAHs, owing to the condensation of the polyaromatic hydrocarbon molecules due to pi bond formation between the carbon atoms on the removal of hydrogen. A blue shi was observed for the peaks at, 1361, 1439, and 1737 cm À1 , which may be due to the conversion of low molecular content into high molecular content. 34 A broad peak at 2347 cm À1 may be attributed to O-H stretching, due to overlapping of the O-H acid group. The presence of the aromatic ring and the derivative peaks conrms the existence of polyaromatic hydrocarbon structures in HTPAHs.
FTIR spectroscopy
Surface morphology study
The SEM image of Cu nanoparticles, obtained in the powder form through the electroless technique, is shown in Fig. 4(a) . The ower-like structure observed in the micrograph is due to the agglomeration of Cu nanoparticles. The TEM image (Fig. 4(b) ) of the same sample also agglomerated Cu nanoparticles exhibiting spherical morphology, with particle sizes in the range of 20-60 nm, which is also supported by the XRD results. The selected area electron diffraction pattern (see the inset of Fig. 4(b) ) clearly depicts the presence of a polycrystalline form of Cu nanoparticles with the corresponding planes 111, 200, and 220. The SEM micrograph ( Fig. 5(a) ) of HTPAHs (batch A) is seen to exhibit a uniform surface morphology, with some micropores that might be responsible for its low strength. The SEM image of the batch B sample in the powder form before moulding is shown in Fig. 5(b) . A uniform coating of Cu nanoparticles through the electroless technique is clearly seen on the surface of the HTPAHs powder (batch B). For better clarication for the uniform coating of Cu nanoparticles on HTPAHs, see the ESI (Fig. 1S †) some places, which may be due to heat treatment, as is also reported earlier for lead and bismuth nanoparticles. 35 
EMI studies on HTPAHs and Cu-nanoparticles-coated HTPAHs
In view of the fact that Cu-nanoparticles-coated HTPAHs-based C-Cu nanocomposites are conducting and possess very high mechanical strength, they were further analysed for their EMI shielding effectiveness (SE). In order to investigate the microwave attenuation of C-Cu nanocomposites, the scattering parameters (S 11 and S 21 ) were measured by a vector network analyzer to calculate the absorption (A), reection (R), and transmission (T) coefficients, and the absorption efficiency of the nanocomposites. In two port measurements, the S-parameters S 11 (S 22 ) and S 12 (S 21 ) represent the reection and transmission coefficients given as T ¼ |S 21 
Therefore, the effective absorbance (A eff ) can be described as
, with respect to the power of the incident EM wave. 13 The plotted curves aim to show the excellent EM wave attenuation performances of the C-Cu nanocomposites with changing frequency. Fig. 6(a)-(d) show the calculated T, absorption efficiency, and R and A values of the C-Cu nanocomposites with a thickness of 2 mm in the frequency range of 12.4-18 GHz. The transmittance coefficient (T) values of C-Cu nanocomposites decrease with increasing Cu loading in C-Cu nanocomposites. Aer $33 wt% Cu loading, the transmittance coefficient is observed to be less than 0.001, as shown in Fig. 6(c) . In other words, due to the higher A and R coefficients, more of the EM wave is consumed by the C-Cu nanocomposites, which leads to a more signicant decrease of the T values. The R values of the C-Cu nanocomposites at each weight ratio were close to $0.98. The R values of the C-Cu nanocomposites increase with increasing Cu weight ratio. These plots show that the trend of the R depends on the Cu weight ratio and the frequency. Moreover, the absorption efficiency (%) increases with the increasing weight % of Cu in the C-Cu nanocomposites (Fig. 5(d) ). Nanocomposites batches B and C show % absorption efficiencies of more than 99.9%.
When the electromagnetic radiations are incident on a slab of EMI shielding material, phenomena, such as, absorption, reection, and transmission are generally observed. The EMI SE of any material is the sum of the contributions of the absorption (SE A ), reection (SE R ), and multiple reections (SE M ) of the EM energy. [36] [37] [38] The variations observed in the absorbed, reected, and total SE (i.e. SE A , SE R , and SE T , respectively) over the frequency range of 12.4-18 GHz (Ku-band) are plotted in Fig. 7(a)-(c) for all samples. The SE T is the sum of contribution from SE A , SE R , and the transmission or multiple reection (SE M ), which can be simply be expressed as SE T (dB) ¼ SE A + SE R + SE M , where SE M can be neglected when SE T > 10 dB, 39 hence,
The values of SE A and SE R are found to vary from 17.5 to 46.1 dB (Fig. 7(a) ), and 9.1 to 12.5 dB (Fig. 7(b) ) for HTPAHs (batch A) and C-Cu nanocomposites (batches B and C), respectively. Thus, the corresponding value of SE T achieved for batch A is 26.1 dB, and for nanocomposite batches B and C is 34.0 and 58.7 dB, respectively. As the commercial applications of EMI shielding material requires a SE value of at least around 30 dB, 3 our Cu-coated HTPAHs-derived nanocomposites can be employed for commercial EMI shielding applications with an appropriate Cu nanoparticle loading. Our values of EMI shielding are much better than those of typical carbon materials, such as multi-wall carbon nanotubes anchored carbon ber, 40 graphene epoxy composite, 41 and other carbon materials, 9 etc. Fig. 7 further suggests that the SE T is mainly dominated by absorption, while the contribution due to reection (SE R ) is comparatively low. Usually, the primary mechanism of EMI shielding is via reection of the electromagnetic radiation incident on the shield, which is a consequence of interaction between EMI radiation and the free electrons available on the surface of the conducting shield. 9 EMI shielding via absorption is mainly a secondary mechanism, whereby electric dipoles in the shield material interact with electromagnetic waves. Moreover, EMI shielding using highly conducting materials, such as, carbon nanotubes, is mainly due to reection rather than absorption. 42 On the other hand, conducting nanocomposites provide EMI shielding predominantly due to absorption, owing to the presence of electric dipoles. 43, 44 A similar phenomenon in our Cu-coated HTPAHs nanocomposite samples is envisaged, due to their intrinsic conducting properties.
Furthermore, the values of SE A for Cu-coated HTPAHs nanocomposite (batches B and C) are found to be in the range of 21.3-15.5 and 46.2-39.4 dB, respectively, which are higher than the pristine HTPAHs batch A (17.5-13.3 dB) over the entire observed frequency range (see Fig. 7(a) ). The same trend was also observed in the values of SE R (see Fig. 7(b) ). It can be inferred that samples having a high loading of Cu nanoparticles show enhanced values of SE A and SE R . Also, as shown in Fig. 7(c) , in nanocomposite batches B and C, the values of SE T are in the range of 34.1-29.2 and 58.6-53.1 dB, respectively, for a 2 mm thick sample, which is again higher than batch A (i.e. 26.7-22.8 dB) in the Ku-band. The variation in electromagnetic shielding as a function of thickness, done explicitly for batch C, are plotted and discussed under Fig. 3S , as shown in the ESI. † The SE (dB) was found to increase as the thickness was varied from 0.5 to 2.0 mm. 45 The thickness (t) of sample that can satisfy the minimum requirement (SE $ 30 dB) for techno-commercial applications was found to be 0.5 mm < t < 1.0 mm. Hence, it is proposed that a higher loading of Cu nanoparticles in carbon nanocomposites made via a novel technique of electroless coating may enhance the conductivity and electric polarization of the material, which thus induces dipolar and electric polarization in the presence of microwaves, resulting in an enhanced EMI SE.
In order to make a better comparison, the microwave shielding ability of C-Cu nanocomposites have been further evaluated using complex permittivity (3 0 À j3 00 ) and complex permeability (m 0 À jm 00 ), as shown in Fig. 8 . The real part of the EM parameters (3 0 , m 0 ) is a measure of polarization occurring in the material and symbolizes the storage ability of the electric and magnetic energy, while the imaginary part (3 00 , m 00 ) denotes the dissipated electric and magnetic energy. Among all the C-Cu nanocomposites, batch C has more importance because it shows the highest SE (58 dB). In Fig. 8 Fig. 8(c) ) shows a decrease in the frequency range of 12.4 to 18 GHz, while the imaginary permittivity (dielectric loss 3 00 ) shows two broad humps in the range of 12.4-13.9 and 14 to 15.8 GHz. Therefore, the dielectric loss mechanism of batch C is mainly attributed to polarization and multiple reections or multiple scattering. The polarization mechanism in the sample is space charge polarization, rather than electric, dipolar, or ionic polarization. Space-charge, or interfacial polarization, occurs when charge carriers are present in the sample, which can migrate an appreciable distance and get trapped. This process always results in a distortion of the macroscopic eld.
The interfaces between carbon and Cu nanoparticles enhance the interfacial polarization in HTPAHs and Cu nanoparticles in the C-Cu nanocomposite, and can act as scattering or reection centers, which further enhances the dielectric losses. The improved microwave shielding performance of the C-Cu-based nanocomposites can be attributed to dielectric losses. The natural resonance, dipole polarization and its relaxation, and polarization of charge carriers, like electrons, and their relaxation simultaneously contribute to the dielectric loss mechanism during activation by an EM wave. A schematic representation of the microwave absorption mechanisms, as discussed above, is presented in Fig. 9 . It is evident from the EMI shielding results that these C-Cu-based nanocomposites are excellent shielding materials with good mechanical strength. Furthermore, they were synthesized by a simple, costeffective technique and can be used for large-scale EMI shielding applications where a high SE is desired.
Conclusion
This work reports the fabrication of C-Cu nanocomposites (20-60 nm) by coating HTPAHs with Cu nanoparticles for use as an effective EMI shielding material. Nanoparticles of Cu were coated onto self-sintered HTPAHs powders by the electroless technique, and the resulting C-Cu-based nanocomposites exhibited signicantly improved bulk density, electrical resistivity, and bending strength. A uniform dispersion of Cu nanoparticles in the nanocomposite forms an interconnected network, which results in the high electrical conductivity, and leads to an enhancement in EMI SE. The network of Cu nanoparticles in HTPAHs improves the interface density, leading to space charge accumulation in heterogeneous media that promotes the level of impedance matching for better microwave absorption. Cu nanoparticles decoration signicantly increases the EMI SE of HTPAHs from 26.7 to 58.7 dB at 12.4 GHz for a 2 mm thick sample. The observed SE is mainly contributed by SE due to absorption (SE A is $4 times SE R ). The origin of the high SE has been shown to be mainly due to absorption of the incident EM radiation. The remarkable improvement in SE of HTPAHs-based Cu nanocomposites, coupled with their high mechanical properties, make them promising materials for next-generation EMI shielding applications, especially in the Ku band of the RF range.
